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Abstract

Based on the CALPHAD approach� thermodynamic properties and phase di�

agram of the Am�Pu system are assessed with input from results of ab initio

electronic�structure calculations within the framework of density�functional

theory� Despite the limited availability of experimental data on this binary

system� thermodynamic assessment has been performed and two phase dia�

grams are proposed that make distinction at high temperature between the

relative stability of the bcc phase and the liquid state� Our investigation pro�

vides guidance and motivates further experimental studies�
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I� INTRODUCTION

With the current interest in Gen�IV advanced nuclear reactors ��� and a better manage�

ment of actinide�based fuels� and in the disposition of transuranic elements 	TRU
� there

is a need to better understand the thermodynamic properties of mixtures of actinide el�

ements� In particular� since the amount of Am in Pu in the next generation of actinide

burner reactors may be signi�cant� it becomes increasingly important to include Am in a

thermodynamic database dedicated to nuclear fuel materials to understand its impact on the

stability properties of Pu�based alloys� Actually� americium ��� appears as a decay product

of the ��� isotope of Pu with a signi�cant rate in wt�
 Am��� days of ����� ���� wt� 


���Pu�

The assessed phase diagram of Am�Pu reported in Refs� ����� reproduced in Fig� �a is

primarily based on the work of Ellinger et al� ��� that used micrographic and X�ray di�raction

methods� It should be noted that at the time the phase diagram of Am�Pu was explored

experimentally� with a focus mostly on the Pu�rich region of the phase diagram� only two

allotropes of Am were known� This explains why the proposed phase diagram shown in

Fig� �a is incomplete� especially in the high�temperature solid�phase portion� Phase�diagram

results have recently been updated by Shushakov et al� ��� with a combination of high�

temperature X�ray di�raction analysis� di�erential thermal and microstructural analysis�

and hydrostatic determination of density� That work accounts for more complete data on

the polymorphism of metallic americium ����� as shown in Fig� �b� Namely� as a function

of temperature� Am exhibits three allotropes� double hexagonal close�packed 	dhcp
 that

is the ground state� then face�centered cubic	fcc
� and body�centered cubic 	bcc
� before

melting according to� ��Am 	dhcp
� ��Am 	fcc
� ��Am 	bcc
� Liquid� with transition

temperatures of ���� ����� and ���� oC� respectively� One salient di�erence between the

�American� and �Russian� versions of the Am�Pu phase diagram regards the bcc solid

solution� In the �American� version� Fig� �a� there is a peritectic reaction at about ��� oC�

Liquid � � �� � at the Pu edge of the phase diagram with a limited solubility of about � at�
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Am in the bcc phase of Pu� On the contrary� the �Russian� version of the phase diagram

in Fig� �b shows the bcc phase extended in the entire range of alloy composition� Both

phase diagrams agree on the existence of a continuous series of fcc�based solid solutions that

form between ��Pu and ��Am at high temperatures� with a solubility range of �� to ����

at�
 Pu at room temperature� and so far no evidence of ordering or clustering phenomena

on the fcc lattice at low temperatures� Because of the propensity of fcc�based Am�Pu

alloys to display substantial undercooling� no two�phase region between ��Am and ��Pu was

observed experimentally� see Fig� �� Instead� on the Am rich�side of the phase diagram� a

single�phase structure made of four�layer dense packing of hexagonal layers 	ABAC� dhcp


was identi�ed with a gradual transformation to a three�layer fcc structure 	ABC
 at elevated

temperature� This absence of a two�phase region could be attributed to slow kinetics or to a

narrow equilibrium two�phase �eld that would be di�cult to observe� In addition� the high

volatility of Am� as mentioned in Ref� ���� makes sample preparation itself and subsequent

control of alloy composition very challenging�

Despite recent progress in modeling electronic structure and energetics of pure plutonium

������ an accurate determination of the electron correlation e�ects in Pu and its alloys still

remains challenging ����� Unfortunately� dynamical�mean��eld theory is currently unable

to model phase stability and energetics in spite of being able to produce realistic spectra

for ��Pu �������� The situation becomes even more di�cult when considering the Am�Pu

system since Am is known to exhibit all the characteristics of �f localization behaving in its

ground state as the rare�earth elements� In contrast� for Pu the �f electrons are delocalized

albeit very close to the borderline between the two behaviors� One should also remember

that changes in volume 	pressure
 and perhaps alloying changes the electronic structure in

Am to become more like that of Pu ����� From this standpoint� the Am�Pu system is indeed

an interesting system to thoroughly study both experimentally and theoretically�

A debate is still going on ���� regarding the correctness of state�of�the�art density�

functional theory 	DFT
 to properly treat the electronic structure of Am ������� and Pu

systems� However� recent DFT results ������� have encouraged us to select this methodol�
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ogy to generate crucial energetic data on heats of formation versus composition that were

then used to assess the thermodynamic properties of Am�Pu in the whole range of compo�

sition and temperature� To do so� we considered the CALPHAD 	CALculations of Phase

Diagrams
 methodology that has been since the ���s very successful in describing alloy

thermodynamics of complex multi�component alloys ��������

Hence� statics of phase transformations in this alloy system has been modeled with a

scheme that couples assessed thermo�chemical data of the endpoints� Am and Pu� and phase

boundary information from experimentally determined phase diagram� together with input

from ab initio calculated energetics to the thermodynamic database� all in the framework of

the CALPHAD approach� This procedure will allow us to provide 	i
 some insight on the

Am�Pu phase diagram� 	ii
 an explanation to the main di�erence between the two versions

of the phase diagram� and 	iii
 o�er guidance for subsequent experimental work in regions

of temperature and composition where thermodynamic data validation is needed the most�

The paper is organized as follows� In Sec� II we brie�y describe the thermodynamic

modeling based on the CALPHAD methodology� and take this opportunity to summarize

the results of Am�Pu phase diagram assessment by Ogawa based on the Brewer valence bond

model ����� and most recently by Kurata by using a phenomenological CALPHAD approach

����� In Sec� III� we present the computational details of the ab initio theoretical techniques

together with the results on equilibrium properties� electronic structure� and energetics for

the Am�Pu system� In Sec� IV� phase diagram assessment based on input from ab initio

results and experimental information is presented� Finally� in Sec� V� we provide guidance

for future experimental work together with some concluding remarks�

II� THERMODYNAMIC MODELING

In the CALPHAD approach� the Gibbs energy of individual phases is modeled� and

the model parameters are collected in a thermodynamic database� It is the modeling of

the Gibbs energy of individual phases and the coupling of phase diagram and thermo�
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chemistry that make CALPHAD a powerful technique in computational thermodynamics

of multi�component materials� For the two unaries 	X�Am� Pu
 the Gibbs energy function

�G�
X	T 
 � G�

X	T 
� HSER
X for the element X in the phase � 	� � liquid� bcc 	��Pu� ��Am
�

��Am� ��Pu� ��Pu� ��Pu� fcc 	 ��Pu� ��Am
� and ���Pu
 is written in the most general form

as

�G�
X � a�X � b�XT � c�XT lnT � d�XT

� � e�XT
�� � f�XT

� � g�XT
� � h�XT

�� 	���


where HSER
X is the molar enthalpy of element X at ������ K and ��� Pa in its standard

element reference 	SER
 state� i�e�� ��Am 	dhcp
 for Am and ��Pu 	monoclinic
 for Pu� and

T is the absolute temperature�

In the present study these Gibbs energy functions are taken from the Scienti�c Group

Thermodata Europe 	SGTE
 compiled by Dinsdale �������� In the case of pure Pu� the six

transitions� ��Pu 	monoclinic
 � ��Pu 	body�centered monoclinic
 � ��Pu 	face�centered

orthorhombic
 � ��Pu 	fcc
 � ���Pu 	body�centered tetragonal
 � ��Pu 	bcc
 � Liquid�

are well described energetically with transition temperatures of ���� ���� ���� ���� ���� and

��� oC� respectively�

For a binary solution phase based on the structure � a simple sublattice model 	Am�Pu
�

is considered� and the Gibbs energy is given by

G�
Am�Pu	c� T 
� 	�� c
HSER

Am � cHSER
Pu � 	� � c
 �G�

Am	T 
� c �G�
Pu	T 


� RT �	�� c
ln	�� c
 � cln	c
� �xs G�
Am�Pu	c� T 
 	���


where the excess Gibbs energy is given by a Redlich�Kister 	RK
 polynomial expansion ����

according to

xsG�
Am�Pu	c� T 
 � c	� � c
L�

Am�Pu	c� T 
 	���


where c represents the mole fraction of Pu in the alloy� and L�
Am�Pu	c� T 
 is a polynomial

function of temperature and composition given by

L�
Am�Pu	c� T 
 �

pX

k��

kL�
Am�Pu	T 
	�� �c


k 	���
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with k � � in the following assessments�

Besides assessed values for the Gibbs energies of the pure species in their various al�

lotropic forms no experimental information is available for the heats of formation or other

thermodynamic data of the Am�Pu alloy system as functions of composition and tempera�

ture� Because of this lack of experimental data� the CALPHAD optimization process can

only rely on the phase diagram information 	mostly from Ref� ���
� unless ab initio input

from DFT calculations on energetics is considered� Although the DFT results are obtained

at � K� the number of unknowns is only limited to the temperature�dependent terms that

enter the description of the excess Gibbs energies� see Eq� 	���
� and therefore make the

assessment possibly more trustworthy�

It is worth noting that since the two species di�er by only one valence electron� one

should expect weak alloying e�ects unless localization has a tendency to enhance or cancel

out the ordering 	or clustering
 tendencies� With this in mind� for the fcc solid solution of

Am�Pu� the measured lattice constant positively deviates 	although weakly
 from Vegard�s

law ������� and this fact is usually accompanied by a tendency toward phase separation� In

support of this conclusion� and as mentioned in Ref� ����� recent measurements of Am vapor

pressure in the Am�Pu binary system points to a slightly positive departure from Raoult�s

law� Hence� one would expect that a miscibility gap is located at relatively low temperatures

in the fcc domain of stability� although experimentally it may be challenging to identify it

for two main reasons� First� phase separation is usually a slow kinetics process� especially

in the present case since it is expected to take place at low temperatures� And second� the

scattering factors of the Pu and Am atoms are almost equals� making the detection of phase

separation 	or ordering for that matter
 very di�cult�

Despite the experimental di�culties that are expected for this system� a �rst tentative

phase diagram has been proposed by Ogawa in the early ���s ���� that we are brie�y dis�

cussing now� Basically� Ogawa applies a regular solution model with interaction parameters

derived from the Brewer valence band model ���� that provides a relation between these

parameters and the �internal pressures� of the elements� In this assessment� the only phases
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that are considered are liquid� bcc� and fcc� The RK parameters introduced in Eq� 	���
 are

given in Table I� Note that for the two unaries� Am and Pu� the Gibbs energy functions

were taken from Ref� ���� for their observed allotropes and the liquid state� instead of using

the free energies of transformation reported in Table � of Ogawa�s paper� Figure � shows

the calculated phase diagram with the Thermo�Calc software ���� that indicates complete

solid solubility between fcc�Am and fcc�Pu� and also bcc�Am and bcc�Pu at elevated tem�

peratures� Since the RK interactions parameters 	which are temperature independent in

this model
 for each of the three phases are of the order of � kJ�mole� it does not come

as a surprise that the calculated miscibility gaps obtained by �suspending� all other phases

except bcc or fcc� and shown in Fig� � are located at very low temperatures� and that the

heats of mixing 	that also represent the excess Gibbs energies in the present case
 for both

bcc and fcc phases are extremely small� not exceeding ������� J�mole as shown in Fig� ��

Note that the fcc miscibility gap is the only one that is stable when all three phases are

considered�

More recently� Kurata ���� published a complete version of the Am�Pu phase diagram�

In this study the assessment solely relies on the sparse experimental information on phase

diagram discussed in the introduction� and in particular on the �nding of a peritectic re�

action between the liquid and the bcc and fcc phases in the Pu�rich region of the phase

diagram at high temperatures� see Fig� �a� as reported by Ellinger et al� ���� For the phase

diagram assessment� the SGTE data are considered for the pure elements� Am and Pu�

and additional guessed data are proposed for the lattice stability values that are needed�

i�e�� the Gibbs energy of pure Am associated with the various allotropes of Pu 	excluding

fcc and bcc
� and of pure Pu associated with the dhcp phase of Am� The assessed RK

interaction parameters and the Gibbs energies associated with the pure elements for all the

phases are recalled in Tables I and II� respectively� The resulting Am�Pu phase diagram

is shown in Fig� �� Note that the existence of the peritectic reaction in the Pu�rich region

of the phase diagram implies a similar reaction in the Am�rich region� Also� based on this

assessment� although a phase separation tendency exists for the bcc phase of Am�Pu with
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a maximum temperature of about ��� oC for the metastable symmetric miscibility gap 	see

dashed line in Fig� �
� a tendency toward order is predicted for the fcc phase of Am�Pu�

with a rather high and negative heat of mixing around equi�atomic composition� see Fig� ��

This structure�dependent trend is rather unusual� and hence questions the legitimacy of the

assessment�

III� COMPUTATIONAL DETAILS OF AB INITIO MODELING AND RESULTS

Since relativistic e�ects cannot be ignored� the exact mu�n�tin orbital 	EMTO


electronic�structure method that has been selected makes use of both scalar�relativistic

	SR
 and fully relativistic 	FR
 Green�s function techniques based on the improved screened

Korringa�Kohn�Rostoker 	KKR
� Spin�orbit interaction� when included� is obtained by solv�

ing the four�component Dirac equation ����� In the EMTO method� the one�electron poten�

tial is represented by optimized overlapping mu�n�tin 	OOMT
 potential spheres ��������

where inside the potential spheres the potential is spherically symmetric� whereas it is con�

stant between the spheres� The radii of the potential spheres� the spherical potentials inside

the spheres� and the constant value in the interstitial region are determined by minimizing

	i
 the deviation between the exact and overlapping potentials� and 	ii
 the errors caused

by the overlap between the spheres� Within the EMTO formalism� the one�electron states

are calculated exactly for the OOMT potentials� As an output of the EMTO calculations�

one can determine the self�consistent Green�s function of the system and the complete non�

spherically symmetric charge density� Finally� the total energy is calculated using the full

charge�density technique ����� EMTO is combined with the coherent potential approxima�

tion 	CPA
 for the calculation of the total energy of chemically random alloys �����

The calculations are performed for a basis set including valence spdf orbitals� For the

electron exchange and correlation energy functional� the generalized gradient approximation

	GGA
 is considered ����� Integration over the Brillouin zone is performed using the special

k�point technique ����� The screening constants that are required to describe the Coulomb
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screening potential and the energy �������� are determined from super�cell calculations using

the locally self�consistent Green function 	LSGF
 method ����� The � and � screening

constants� see Refs� ������� for details� are found to be ���� and ����� and ���� and ����� for

bcc and fcc Am�Pu� respectively� The Am�Pu alloys have been modeled within the disordered

local moment approximation that leads to a paramagnetic solution� see Refs� ������� for

details� The moments of the density of states 	DOS
� needed for the kinetic energy and

the valence charge density� are calculated by integrating the Green function over a complex

circular energy contour 	with a ��� Ry diameter
 using a Gaussian integration technique with

�� points on a semi�circle enclosing the occupied states� The equilibrium atomic density is

obtained from a Murnaghan ���� �t to the total energy versus lattice constant curve�

For the elemental metals� the most accurate and fully relativistic calculations are per�

formed using an all�electron approach where the relativistic e�ects� including spin�orbit

coupling� are accounted for� Although unable to model disorder in the CPA sense it pro�

vides important information for the metals� and also serves to con�rm the CPA calculations

mentioned above� For this purpose we use a version of the FPLMTO presented in Ref� �����

and the �full potential� in FPLMTO refers to the use of non�spherical contributions to

the electron charge density and potential� This is accomplished by expanding the charge

density and the potential in cubic harmonics inside non�overlapping mu�n�tin spheres and

in a Fourier series in the interstitial region� We use two energy tails associated with each

basis orbital� and for U�s semi�core �s and �p states and valence states 	�s� �p� and �f


these pairs are di�erent� With this �double basis� approach we use a total of six energy tail

parameters and a total of �� basis functions per atom� Spherical harmonic expansions are

carried out up to lmax � � for the basis� potential� and charge density� As in the case of the

EMTO method� GGA is used for the electron exchange�correlation approximation� Finally�

a special quasi�random structure 	SQS
 method� utilizing a ���atom super�cell� was used to

treat compositional disorder ����� so the results could be compared with those obtained with

EMTO�CPA�

These methodologies have been successfully applied to the two elements� Am ������� and
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Pu ������� and also to fcc�based Am�Pu alloys from pure Pu to equi�atomic composition �����

More recently a study of the trend in phase formation for bcc�based Pu�X 	X�U�Np�Am�Cm


has shown that except for Pu�U� that displays a tendency towards bcc phase formation

	i�e�� a negative heat of formation
� all the other systems exhibit a tendency towards phase

separation 	i�e�� a positive heat of formation
 �����

To con�rm the proximity of Pu and Am in the periodic table� we show in Fig� � typical

densities of states 	DOS
 for a chemically random fcc�based Am�Pu alloy at equi�atomic

composition� and at the theoretical equilibrium atomic volume of �������� nm�� Despite

the fact that the �s and �p partial DOS are fairly localized far below the Fermi energy

	around ���� and ���� Ry respectively
� their contribution to the calculated total energy

cannot be ignored by treating them as core states� The hybrid states centered around the

Fermi energy are mostly made of �f 	dominating
 and �d states� and the contribution of

Am and Pu to the total DOS are rather similar� with a slightly higher DOS associated

with Pu at the Fermi energy� The main e�ect of adding Am to Pu is to move the Fermi

energy at higher energy 	to the right
� and therefore to change rather substantially the

electronic DOS at the Fermi energy since this occurs in a region where a pseudo�gap exists�

Experimentally the electronic spectra of ground�state Am metal shows a wider pseudo�gap

with a peak structure about ���� Ry below the Fermi level ���� but for the alloy system it

may be substantially di�erent� Our result could be veri�ed by carrying out speci�c heat

measurements as functions of alloy composition� tracking the electronic � contribution to

heat capacity� or by direct X�ray spectroscopy�

Fig� � displays the results from FR�EMTO�CPA calculations for the equilibrium atomic

volume and bulk modulus in the entire range of alloy composition for the chemically random

fcc phase of Am�Pu� Our results con�rm the positive departure of the atomic volume from

Zen�s law observed experimentally ���� and therefore the possible existence of a miscibility

gap in the solid fcc phase at rather low temperatures 	since the departure from linearity is

small
� At the same time� the addition of Am to a Pu matrix tends to decrease cohesion

as indicated by the negative departure from linearity for the bulk modulus� In Fig� �� the
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heat of mixing 	or excess Gibbs free energy at � K
 is shown versus alloy composition for

both the fcc and bcc phases of the random solid solutions of Am�Pu� For both phases�

the positive heats of mixing� not exceeding � kJ�mole suggest a 	rather small
 tendency

towards phase separation� However� when compared to Fig� �� the di�erence between the

phenomenologically assessed data and our �rst�principles derived results is quite signi�cant

not only quantitatively but also qualitatively when compared with the results of Kurata

����� since in the latter case the heats of mixing associated with the bcc and fcc phases have

opposite signs� Hence in the following section we will make use of these heats of mixing

evaluated at � K to initiate the CALPHAD assessment of the Am�Pu phase diagram� The

RK description of these ab initio predicted excess Gibbs energies at � K 	in J�mole
 is given

by

Lfcc
Am�Pu	c� �K
 � �����	� � ����	� 	�� �c


Lbcc
Am�Pu	c� �K
 � �����	� � ����	� 	�� �c
 	���


Before closing this section� let us present the results of FR�EMTO calculations that have

been performed to evaluate the structural energy di�erences for the pure elements Am and

Pu at equilibrium� Note that in the case of Am� the anti�ferromagnetic 	AF
 structure is

the ground state as compared to the paramagnetic state 	treated within the disordered local

moment 	DLM
 approximation
� and also to other structures such as dhcp and hcp with

ABACABAC and ABAB stacking sequence along the 	����
 direction 	although for these

two cases� optimization was not carried out to minimize the energy with respect to the c
a

axial ratio
� The results 	in J�mole
 for Am are�

 Efcc	DLM
�fcc	AF

Am � ��� ���	�

 Edhcp	DLM
�fcc	AF

Am � ��� ���	�

 Ehcp	DLM
�fcc	AF

Am � ��� ����	�

 Ebcc	DLM
�fcc	AF

Am � ��� ���	� 	���


and for Pu

��



 Ehcp�fcc
Pu � ��� ���	�

 Edhcp�fcc
Pu � ��� ���	�

 Efcc�bcc
Pu � ��� ���	� 	���


In the case of Am� the structural energy di�erences are quite small 	of the order of �

kJ�mole
 and for Pu� dhcp is more stable than hcp� and fcc is the most stable among the

three considered stacking sequences� It is interesting to compare these ab initio results to

those proposed by SGTE ����� In the latter case� to obtain the data extrapolated at � K� it

was assumed that the Gibbs energy G of a phase is given in a polynomial form that satis�es

the version of the third law of thermodynamics according to which the entropy is equal to �

at � K 	the so�called Planck�s version of the third law ����
� hence G � a� bT �� cT �� Based

on this extrapolating scheme with Gibbs energies calculated according to their de�nition in

Ref� ���� in the f�������g K temperature range� the SGTE energy di�erences 	in J�mole


are for Am�

 Edhcp�fcc
Am � ��� ���	�

 Efcc�bcc
Am � ��� ���	� 	���


and for Pu

 Efcc�bcc
Pu � ��� ���	� 	���


These results compare favorably with the ab initio predictions� except perhaps for the struc�

tural energy di�erence between fcc and bcc in the case of Am� In the next section� the ab

initio result for dhcp�Pu will be used for the CALPHAD assessment of the Am�Pu phase

diagram� In passing� it is worth pointing out an abnormality in the SGTE data 	despite

the fact that usually they are considered valid only above room temperature
 for pure Pu

that describes the Gibbs energy di�erence between the bcc 	or �
 phase and the liquid as

illustrated in Fig� �� This di�erence points out a liquid phase that is more stable than bcc

at low temperatures 	below about ��� K
� This �reentrant� liquid has no physical meaning�
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and thus question is raised about the validity of the proposed SGTE Gibbs energies for the

bcc and liquid phases�

IV� ASSESSMENT AND RESULTS

The phase diagram assessment will proceed in two steps as follows� First� only the liquid�

bcc� and fcc phases will be considered and the energetic data cast in a RK format for the heats

of mixing at � K deduced from the results displayed in Fig� � will be used� see Eqs� ����

to assess the high�temperature portion of the Am�Pu phase diagram with experimental

information displayed in Fig� �b� Second� the assessed data for the fcc solid solution will be

used with the experimental information on the low�temperature phases� However� since this

information may not re�ect equilibrium data� especially on the Pu�rich side of the phase

diagram 	below ��� oC
 because of sluggish kinetics� not a high level of certainty will apply

to this part of the assessment� For the second part� the heats of formation of Am in the

�� �� �� and �� structures of Pu� and of Pu in the ��Am 	dhcp
 structure have to be estimated

since they are not given in the SGTE database �������� the results are shown in Table II� For

the liquid� bcc� fcc� and dhcp 	or ��Am
 phases the excess Gibbs energies given by Eqs� ���

and ��� are expressed by a �rst�order RK polynomial 	k � �
� whereas for all other phases

	��Pu� ��Pu� ��Pu� and ���Pu
 they are simply described by a zero�th order RK polynomial

	k � �
� As illustrated in Pelton�s work ����� since the solidus�liquidus lines 	bcc�liquid

two�phase region
 exhibit a negative curvature� one would expect the �rst parameter of the

RK polynomial expansions for the bcc and liquid phases to satisfy� �Lbcc
Am�Pu �

�Lliq
Am�Pu� a

constraint that was accounted for in the optimization procedure�

For the �rst step where only the three high�temperature phases are considered the results

of the optimization obtained with Thermo�Calc and its PARROT module ���� are shown in

Fig� � together with the experimental data on the fcc�bcc two phase equilibrium and the

the solidus�liquidus region suggested by the experimental work of Shushakov et al� ���� It

is worth noting that with the present thermodynamics both the fcc and bcc phases display
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asymetric miscibility gaps 	stable for fcc and unstable for bcc
 at low temperatures with

maximum temperature of ����� and ����� oC and associated composition of ���� and ����

at�
 Pu� respectively� With temperature�independent LAm�Pu as given by Eq� ��� straight

from the ab initio results� these miscibility gaps would be centered around ���� and ����

at�
 Pu with maximum temperatures of ������ and ������ oC for the fcc and bcc phases�

respectively� The temperature�dependent contribution to the RK interactions that seems a

bit large for both phases may simply re�ect their stabilization by entropy e�ect�

For the second step where all phases are considered� the calculated phase diagram is

displayed in Fig� ��� and the details of the thermodynamic assessment are reported in

Tables I and II� Although the third law of thermodynamics� especially in its Planck version

����� is more of a postulate� its application precludes the existence of a fcc�based solid

solution down to zero temperature� In the present case a low�lying eutectoid decomposition

takes place according to the reaction 	��Pu� ��Am
 � 	��Pu
 � 	��Am
 at ��� oC with

compositions 	in at�
 Pu
 of ����� � ���� and ���� respectively� It is also worth noting

that a small region of fcc miscibility gap� shown in the inset of Fig� �� and mentioned in

the previous paragraph� survives and leads to an eutectoid reaction at ��� oC that involves

two fcc phases and ��Pu� The �nal assessed phase diagram accounts for the existence of a

high�temperature bcc solid solution� and a domain of stability of a dhcp 	A��
�based solid

solution in the Am rich�side of the phase diagram� with a two�phase region 	fcc�dhcp
 in

accordance with the �ndings of Shushakov et al� ���� and as expected from the fundamental

laws of thermodynamics�

It is interesting to ask how much it would take to have a peritectoid reaction 	��Pu�

��Am
 � 	��Pu���Am
 � Liquid� as suggested by Ellinger et al� ���� and shown in Fig� �a�

To generate such a feature in the phase diagram requires a positive contribution to the

excess Gibbs energy of the bcc phase� so to make it less stable than the liquid phase� By

substituting the Lbcc
Am�Pu by L

bcc
Am�Pu����������	���c
 to account for the peritectic reaction

that exists in the Pu�rich portion of the phase diagram at high temperature� keeping all other

assessed data the same� the phase diagram shown in Fig� �� is obtained�

��



With these new RK parameters for the bcc solid solution� the peritectoid reaction 	��Pu


� Liquid � 	��Am
 takes place at ��� oC with compositions 	in at�
 Pu
 of ����� ����� and

����� respectively� It is also important to note that to insure compatibility with the existence

of the high�temperature allotrope of Am 	��Am or bcc
� a second peritectoid reaction should

take place on the Am�rich side of the phase diagram� namely 	�� Pu
�Liquid�	��Am
 at

���� oC with compositions 	in at�
 Pu
 of ���� ���� and ���� respectively� as illustrated in

Fig� ��� This �nding shows that the high�temperature part of the Am�Pu phase diagram

is extremely sensitive to the thermodynamic data and hence to the impurity content� It

is then fair to say that the two phase diagrams displayed in Figs� �� and �� are possible

representations of the stability properties of the Am�Pu system� although the most recent one

proposed by Shushakov et al� ���� because of the more thorough experimental work� may be

given more attention� Further improvement to the thermodynamic description of this system

will require additional experiments� in particular di�erential scanning calorimetry 	DSC


and di�erential thermal analysis 	DTA
 combined with high�temperature X�ray structure

analysis� However� this preliminary study provides some initial thermodynamic data for this

system that can also be compared with other theoretical modeling�

V� CONCLUSION

A thermodynamic assessment of the Am�Pu phase diagram in the entire range of al�

loy composition was performed� Consistent �nding between the �Russian� most updated

results ��� and modeling was achieved for the upper part of the phase diagram� with addi�

tional features such as the two�phase region between fcc and dhcp�based solid solution in the

Am�rich part of the phase diagram� and a low�lying eutectoid phase decomposition ��solid

solution� ��Pu � ��Am solid solution� The experimental evidence of a positive departure

from Vegard�s law together with the zero�temperature energetics predicted from ab initio

calculations� seem to clearly suggests a phase separating tendency for the fcc phase� and

consequently also for the bcc phase� To �nd an agreement with the early results of Ellinger

��



et al� ���� it was shown that a slight destabilization of the bcc solid solution was required�

thus generating a peritectoid reaction on the Pu side of the phase diagram� and to make

both the Pu�rich and Am�rich sides of the phase diagram compatible� a second peritectoid

reaction was expected on the Am�rich side as well� A more detailed assessment of the Am�Pu

phase diagram is at present prohibited by the lack of thermodynamic data and accurately

determined phase boundaries� These two possible phase diagrams and the minor di�erence

in the thermodynamics that can explain them may point to a high sensitivity to impurity

e�ect� However� since sample preparation is challenging� the present CALPHAD assessment

delineates some alloy compositions� namely around �� and �� at�
 Pu� to further con�rm

the existence or not of a domain of stability of a bcc solid solution in the entire range of alloy

composition or a peritectoid reaction� respectively� In Fig� �� the molar enthalpy and its

derivative with respect to temperature associated with each phase 	fcc� bcc� and liquid
 is

shown as a function of temperature for the two proposed phase diagrams at �� and �� at�


Pu� Di�erential thermal analysis should be able to qualitatively distinguish between the

two cases whereas di�erential scanning calorimetry should provide a quantitative determi�

nation of the heats of transformation� Nevertheless� initial thermo�chemical results derived

from the optimization process are now available to design critical experiments� and obtain

a more accurate representation of the thermostatics of the Am�Pu system� Finally� on a

more technical side� this study has shown that the appropriate tools are in place� and if new

quali�ed experimental results are made available� the optimization procedure could be used

quite easily to �ne�tune the present results�
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TABLES

TABLE I� Assessed Redlich�Kister �RK� interaction parameters for Am�Pu �in J	mole� and

with temperature T in Kelvin�� For some phases the excess Gibbs energy is expressed by more

than one RK parameter� For the present work� we only report the results for the 
nal assessment

with all phases considered�

Phase Ogawa ���
 Kurata ���
 Present Work

liquid ����� ��������������T ���������������T

������ ��������������T

bcc ����� �������� ���������������T

������ ������� �������������T

fcc ����� ������������T ���������������T

������ ����� �������������T

��������

��Am N	A ����� ���������������T

�������������T

��Pu N	A ����� ���������������T

��Pu N	A ����� ���������������T

��Pu N	A ����� ���������������T

���Pu N	A ����� ���������T

��



TABLE II� Gibbs energies of the pure elements �in J	mole��

Phase Kurata ���
 Present Work

G��Pu
Am ������G��Am

Am ������G��Am
Am

G��Pu
Am ������G��Am

Am ������G��Am
Am

G���Pu
Am ������G��Am

Am ������G��Am
Am

G��Am
Pu ������G��Pu

Pu ������G��Pu
Pu

��



FIGURES

FIG� �� �American� �a� from Refs� ����
� and �Russian� �c�� redrawn from Ref� ��
� versions of

the Am�Pu phase diagram� In the bottom phase diagram the empty� half�full� and full circles refer

to single phase� two�phase region� and results from di�erential thermal analysis� respectively�

FIG� �� �Color online� Ogawa�s assessment of the Am�Pu phase diagram according to the

Brewer model� from Ref� ���
� Only the liquid� bcc� and fcc phases are considered�

FIG� �� �Color online� Heats of mixing �in J	mole� of fcc �empty circle� and bcc �full cir�

cle��based Am�Pu alloys versus composition according to �solid lines� Ogawa�s Brewer�based as�

sessment ���
 and �dashed lines� Kurata�s CALPHAD assessment ���
 of the Am�Pu phase�

FIG� �� �Color online� CALPHAD assessment of the Am�Pu phase diagram from Kurata�s

assessment ���
� The metastable bcc miscibility gap is indicated by a dashed line�

FIG� �� �Color online� Total and partial electronic structure densities of states of fcc�based

Am��Pu���

FIG� �� �Color online� Calculated atomic volume� in nm� �a� and bulk modulus in GPa �b�

of fcc�based Am�Pu alloys versus composition� In �a� the squares are the experimental data from

Ref� ��
�

FIG� �� �Color online� Calculated heats of mixing �in J	mole� of fcc �empty circle� and bcc

�full circle��based Am�Pu alloys versus Pu composition based on the FR�EMTO�CPA method� The

squares correspond to the results from the FPLMTO�SQS approach for the bcc phase� The lines

are a 
t to the data by a Redlich�Kister polynomial of second order�

FIG� �� �Color online� Calculated Gibbs energy di�erences between various phases of pure Pu

according to the SGTE data ���
� The two arrows indicate that the liquid phase is more stable

than bcc below ��� K and above ��� K�

��



FIG� �� �Color online� Partial CALPHAD assessment of the Am�Pu phase diagram with input

from ab initio� Phases other than liquid� bcc� and fcc have not been considered� The red squares

�blue circles� are the data describing the solidus� liquidus and fcc�bcc phase equilibria� respectively�

collected from the experimental phase diagram given in Fig� �c�

FIG� ��� �Color online� Final CALPHAD assessment of the Am�Pu phase diagram with input

from ab initio�

FIG� ��� �Color online� Re�evaluation of the Am�Pu phase diagram by assuming a bcc solid

solution even less stable than the liquid at high temperature�

FIG� ��� �Color online� Molar enthalpy H and its derivative dH�dT and versus temperature

for Am�Pu alloys with �� �top� and �� �bottom� at�� Pu� Part of the 
gure �in black�� referred

to �� is associated with the phase diagram given in Fig� �� whereas the other part �in red dashed

line� is with the one from Fig� ���
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